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1. INTRODUCTION

In this report we assess a number of physical and chemical processes

for their effect on striation structuring, with particular emphasis on phenomena
present at times after a nuclear event, but prior to the re-establishment of
the undisturbed ambient magnetic field. During this time interval the plasma
is far from thermal equilibrium, and there are many sources of free energy to
drive plasma instabilities. One could attempt a detailed plasma physical
description of the phenomenology; such an effort even if theoretically success-
ful would be difficult to verify observationally.

Alternately we have sought to estimate the effect at time t2 of several
physically and chemically "well-established" (e.g., non plasma-wave) mechanisms
on structure of specified wavelength and amplitude present at some earlier
time, t 1 , As time progresses, one expects the plasma free energy (and

* hence the variety and intensity of instability) to decrease. It is then
possible that plasma structure at t, can be constructed out of structure
present at t1 which evolves by non plasma-wave processes between t1 and t2
If plasma wave processes are completed prior to t1 it is likely that, at most,
they affect structural dynamics from t1 to t only parametrically.

This approach has the advantage of simplicity and of certainty in the
qualitative aspects of its individual chemical and physical components. Upper
bounds on each Fourier component of the density structure at t 2 obtain readily
when one assumes that the amplitude of the component at t5 is of order the
background density (i.e., relative "perturbations" of order unity).

The values of t I and t2 need not be the same for the various physical

and chemical processes invoked to affect structure. In Section 2 we consider

the effect of charge exchange and impact ionization on structural decay. In
this case t 1 can be the time at which air ionization pick-up is completed at
a location at the burst point altitude of the bomb, and t2 can be the time at

* f which the resulting energetic air ions have completed their conjugate region
deposition. (This latter time is generally prior to the relaxation of the
magnetic field to Its undi turbed st', e.) In Section 3 we consider the effect

of recombination on structh.mi dc ,'. In Section 4 we consider the effect of

7- IWRR



Coulomb scattering on structural decay. For these two cases tcan be the
time at which slow (non suprathermal velocity) ionization is created andt2
can be the time of re-establishmnent of the undisturbed magnetic field.

The results for the charge exchange and impact ionization calculations
are particularly striking in that slow electron structure in the 100-200 kmn

A altitude range due to fast ions created at an altitude of 400 kmn exhibits a

sharp decay with decreasing wavelength at inverse wavenwnbers below 20 kilo-I
meters (see Figures 11 and 13 for details). Such information provides both

qualitative and quantitative inputs, "seeds," for the SCENARIO code.2

In addition to the primary results of Sections 2-4, which are summnar-
ized in Section 5, a number of additional results relevant to striation decay

are presented in Appendices A-C. Appendix A is a theoretical discussion of
the relationship between magnetic field diffusion and particle diffusion.

This provides background for the calculation of Section 4. Appendix 8 is a
discussion of slow ionization production by 12 keY 0~ ions, as occurring in

magnetic storms. Appendix C presents new results on the suppression of

anomalous diffusion in late time striation structure by ionospheric electric

fields.

8



2. THE DECAY OF HIGH ENERGY IONIZED STRUCTURE

THROUGH CHARGE EXCHANGE AND IMPACT IONIZATION

The undisturbed ionosphere is a complex mixture of charged and neutral

particle species. One way in which a nuclear detonation can modify this com-

position is through the generation of ions and neutrals with energies of the

order of 10 or even 100 keV. Once formed, the fast, high energy neutrals are3
transformed into ions by impact ionization. Between charge exchange and

impact ionization events, high energy ions and neutrals can increase the

thermal charged particle density of the ionosphere through ionization colli-

sions. Eventually, a sufficiently large number of collisions occur so that

the initially high energy particles become part of the thermal background.

The purpose of this section is to quantify the degree to which an

initial structure consisting of high energy ions is degraded as it flows

down field lines into denser portions of the ionosphere and to determine

the density of thermal ionization formed as a result of ionization by high

energy ions and neutrals. As the basis for determining the density of high

energy ions and neutrals as a function of time, the following equations have

been solved:

an1(rt)

at v 1(t)nl(;'t) + v2 (t)n2 (r't) (la)

an2 (-,t)

at "" 2(t)n2(r't) + vl(t)nl(rt) - vo(t)n2( 't) " (ib)

Here,

nl(k,t) - high energy ion density

n2(Z,t) - high energy neutral density

vl(t) - rate at which high energy ions are destroyed and high

energy neutrals are created as a function of time

9



v2 (t) = rate at which high energy neutrals are destroyed and

high energy ions are created as a function of time

vo(t) = rate at which high energy neutral structure is lost by

convection or diffusion.

Writing the spatial structure of nl(f,t) and n2(,t) in terms of

Fourier integrals,

n ( =J d3k nl(r,t) exp(ikx) (2a)

n2 (r,t) = f d3k n2( ,t) exp(ikx) (2b)

permits Eqs. (la) and (1b) to be rewritten in the following way:

+ vit) n(kt) = v2(t)n2 (k,t) (3a)

+ v2at) + volt) n2(k,t) = vlnl(k,t) (3b)

In writing Eqs. (1) and (3) a term for ions comparable to v0 for

neutrals has not been included since structure dimensions larger than an ion

gyroradius are assumed. Furthermore, the spatial dependence of vO , v1 , and

v2 on the coordinate orthogonal to the field lines has been neglected. This

assumption is reasonable if the spatial variation of the parameters orthogonal

to the field line is neglected and the evaluation of the equations is in a

frame of reference moving along the field lines for a particular velocity

space class of ions. Hence, the solution to Eqs. (1) and (3) depends upon

the ion velocity considered.

Two forms for v0 have been chosen. For the case when the neutral mean

free path is smaller than the characteristic dimensions of structure a diffu-

sion form for v0 is chosen. In Fourier space:4

V0  k2 Vn 2/3v2 (4)

10

II -'lli mI.': 
-



where vnj is the component of neutral velocity perpendicular to the magnetic

field lines. For neutral mean free paths larger than structure dimensions the

diffusion approximation is not valid and v0 represents 
a convective loss:

4

V0 a k Vn/8 (5)

where vn is the fast neutral speed and the relation

Ax Ak = (6)

for a Gaussian profile has been used.

In addition to changing form as either fast ions or fast neutrals,

the fast particles ionize the cold neutral background and thereby increase

the number of slow ions and electrons. The expressions giving the rate of

slow electron or positive ionization are

dn (k,t)
e l 's(t)ns(t) + n,(k,t)
dt 1(kt) E

5 5

V 5 (t)ns(t) (7a)

dn+((,t)
dt = nl(kt) -5 (t)nst) + n2(Kt) 2

s s

whr '-s(t)nst (7b) J

where

ne (k,t) - slow electron density

n+(k,t) - slow ion density

Vs(t) collision frequency for slow electron production due to

fast ion collisions with species s

Vs'(t) - collision frequency for slow ion production due to fast

neutral collisions with species s

11



Vt s collision frequency for slow positive ion production due
to fast ion collisions with species s

V S (t) - collision frequency for slow positive ion production due
to fast neutral collisions with species s

In writing Eqs. (7a) and (7b) the spatial variation orthogonal to the magnetic
field of v5() SM. ,s '() _Vs() t), and n shas been neglected.

Eqs. (3a) and (3b) have been solved with k assumed to be one-dimensional
and just after a nuclear detonation when the ionosphere is strongly modified.

5 6
NRC code results and CIRA tables have been used as the basis for quantifying

*1 the solutions assuming that the fast, high energy species is monatomic oxygen.
Also, Reference 3 has been used to evaluate the collision frequencies and vo.

in subsection 2.1 calculations are first shown for the 400 km burst
altitude Starfire VER238 simulation with vertical magnetic field lines, and
then (assuming negligible change in the ionization background) for the same
burst with magnetic field lines making an angle of 52.70 with the vertical.
In subsection 2.2 calculations are shown for the 600 km burst altitude TB600

* NRC simulation. In subsection 2.3 calculations are shown for the 200 km
altitude LITTLE ONE simulation. Comparison of the results of the various
subsections gives insight into the variables affecting ionization deposition
and structural degradation.

Magnetic field and background density variation used in subsection 2.1

is shown in Figures 1 and 2. The variables for subsections 2.2 and 2.3 are
shown in Figures 3 and 4, and 5 and 6, respectively. Figures 1-6 are micro-

* fiche output associated with Reference 5.

11
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Figure 1. Magnetic field geometry for the 400 km altitude
Starfish VER238 simulation. Fast ions were
assumed to originate at 400 km altitude and to
move down along a magnetic field line passing
through the region of magnetic field compression.
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Figure 2. The cold neutral background appropriate to the
400 kin altitude Starfish VER238 simulatlon.
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Figure 3. Magnetic field geometry for the 600 km TB600
NRC simulation. Fast Ions were assumed to
originate at 600 km altitude and to move down
along a magnetic field line passing through
the region of magnetic field compression.
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Figure 6. The cold neutral background appropriate to the
200 km Little One simulation. For this simulation,
with (roughly) constant cold neutral mass density
at altitude below 200 km along a magnetic field
line, particles were assumed to move along the
cold 3eutral mass density contour for 3.0 x 10-15



2.1 400 KM

Based on the NRC simulation of STARFISH at 400 km and the geometry

of Figures 1 and 2, calculations have been carried out to determine the impact

of charge exchange and impact ionization on the decay of fast ionized struc-

4 ture moving down field lines. Also, the slow electron and ion generation
-' resulting from ionization by fast ions and neutrals has been evaluated. The

only differences with the calculations of Section 2.2, q.v., are that the

calculations for STARFISH were started at 400 km and the CIRA atmosphere

chosen was appropriate to STARFISH. The results are tabulated in Tables 1

and 2 and Figures 7 to 14. Table 1 shows the slow ionization density pro-

duced by fast particles derived from the original fast ion for an inverse

wave number of 500 km. Results are presented for electrons and ion produced

by 160 key and 30 keY ions and neutrals. Table 2 shows the field line inte-

grated production of slow electrons and ions as a function of inverse wave-

number for both 160 keV and 30 keV cases.

Figures 7 to 9 show fast ion and fast neutral density as functions

of wavenumber and altitude (or time). Figure 10 shows the inverse wavenwuber

variation of fast ions and neutrals at an altitude of 110 km. Figures 11 and

12 show respectively the slow electron and slow positive ion production at

specified wavenumbers relative to the production for inverse wavenumber of
500 km by fast particles at 160 keY. Hence the curves are indications of

the relative values of Fourier components of density structure if one assumes
a 500 km scale length background. For a background of smaller scale length

* the ordinate for the same abscissa would be greater. Figures 13 and 14 are
similar to 11 and 12 but for fast particles of 30 keY.

The qualitative results are similar to those of Section 2.2; however,

because of the different cold neutral atmospheres, there is a greater degree

of slow ionization at relatively short wavelengths (e.g., 5 km) produced by

the STARFISH than for the 600 km burst (Tables 2 and 4). Note also that

slow electron and ion production for short wavelengths is greater for 160

keY particles than for 30 keV particles.

The NRC simulation assumes that the magnetic field is aligned with
gravity. However, the magnetic field lines in the real ionosphere actually

19



partcle, n 160(
Table 1. The slow electron production by 160 keY particles, ne 160 (k 0)

the slow ion production by 160 keV particles, n 160(k ), the
slow electron production by 30 keY particles, ne30(ko0 and
the slow ton production by 30 keV particles, n+ 30(k ) are

tabulated as a function of altitude. k0 W 1/500 kin
" . All

quaontities are in units of particles/cm per single fast ion

at 400 km altitude.

H(km) ne160(ko) x 106  n+160 (ko ) x 10
6  ne30(ko) x106  n+30 (k0) x10

6

400 3.5x 1 - 3  3.6x 12 1.5 x 10- 3  2.9 x 10- 3

390 7.0 x 10-3  4.6 x 10- 2  3.2 x 10-3  4.3 x 10-3

4 380 1.1 x 10"2 5.3 x 10-2  5.3 x 10"3  5.4 x 10-3

370 1.9 x 10-2  6.6 x 10-2 9.0 x 10-3  7.7 x 10-3

360 2.9 x 10- 2 7.7 x 10- 2 1.3 x 10- 2 9.2 x 10- 3

350 4.6 x 102 9.5 x 102 2.1 x 10-2 1.2 x 102

340 6.5 x 102 1.1 x 101 3.0 x 10 2  1.4 x 10- 2

330 9.7 x 10-2  1.4 x 10-1 4.4 x 10-2  1.8 x 10 2

320 1.3 x 10 1  1.6 x 101 5.8 x 102 2.0 x 10-2

310 1.9 x 10 1  2.0 x 10 1  8.1 x 10-2 2.6 x 10-2

300 2.5 x 10-1  2.5 x 10-1 1.0 x 10-1 3.0 x 10- 2

290 3.4 x 10"1 3.2 x 101 1.4 x 1071  4.1 x 102

280 4.6 x 10-1 4.3 x 10-1  1.8 x 10-1 5.8 x 10- 2

270 6.3 x 10 1  5.9 x 10-1 2.3 x 10-1  8.5 x 10- 2

260 8.8 x 10 1  8.0 x 10 "1  3.1 x 101 1.3 x 101

250 1.2 x 100  1.1 x 100 4.1 x 10-1 1.9 x 10-1

240 1.7 x 100 1.6 x 100 5.6 x 101 2.9 x 10 1

230 2.5 x 100 2.2 x 100 7.6 x 10-1 4.3 x 10 1

220 3.6 x 100  3.2 x 100 1.0 x 100 6.6 x 10-1

210 5.3 x 100  4.6 x 100  1.4 x 100  1.0 x 100

200 7.8 x 100 6.8 x 100 2.1 x 100 1.6 x 100

190 1.2 x 101 1.0 x 101 3.0 x 100 2.4 x 100

180 1.8 x 101 1.6 x 101 4.4 x 100 3.9 x 100

170 3.0 x 101 2.5 x 101 6.8 x 100 6.4 x 100

160 4.9 x 101 4.2 x 101 1.1 x 101 1.1 x 101

150 8.6 x 101 7.3 x 101 1.8 x 101 1.9 x 101

140 1.6 x 102 1.4 x 102 3.4 x 101 3.7 x 101

130 3.6 x 102  3.1 x 102  7.3 x 101  8.2 x 101

120 1.0 x 103 8.4 x 102 1.8 x 102  2.3 x 102

20



Table 2. The total production (per single fast ion) of slow

electrons and ions between 400 and 110 km is tabulated

as a function of inverse wavenumber.

k-l(km) / neT160(k) n+T 160(k) neT3(k) n+T30(k)

5 8.0 x 101  6.9 x 101  8.5 x 10 1  9.6 x 10- 1

20 9.3 x 102  7.8 x 102  8.8 x 101  9.8 x 101

i 100 1.7 x 103  1.4 x 103  3.0 x 102 3.0 x 102

500 1.7 x 103  1.5 x 103 3.4 x 102 4.0x 102
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Figure 7. For 160 keV particles, the fast ion density as a function of

wavenumber and time, n1(k,t), and the fast neutral density as

a function of wavenumber and time, n n(k,t), are normalized to

the initial fast ion density at time, t =0 sec, and altitude of

400 km, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types of

lines used in the figure represent different wavelengths:

k 1  5 km , 20 km---, 100 kin-.-,and

* 500 km .....
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Figure 8. For 30 keV particles, the fast ion density as a function of

wavenumber and time, ni(k,t), and the fast neutral density as

a function of wavenumber and time, nn(k,t), are normalized to
the initial fast ion density at time, t = 0 sec, and altitude of
400 km, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types of

lines used in the figure represent different wavelengths:

k"  = 5 km- , = 20 km - -, = 100 km-.-, and

a 500 km *.....
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Figure 9. For 30 keV particles, the fast ion density as a function of

wavenumber and time, n1 (k,t), and the fast neutral density as

a function of wavenumber and time, nn (k,t), are normalized to

the initial fast ion density at time, t = 0 sec, and altitude of

400 km, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types of

lines used in the figure represent different wavelengths:

k"1 = 5 km - , - 20 km--- ,-100 km.m ,and

= 500 km .....
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Figure 11. For 160 keV particles, the slow electron production as a

function of wavenumber and time is normalized to the corres-

ponding quantity in Table 1 (k - 500 kin) and plotted versus

altitude, H(ki), and time, t(sec). The different types of

lines in the figure represent different wavenumbers: k"

5 km -, -20 km - - -, = 100 km..
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Figure 12. For 160 keV particles, the slow positive ion production as a

function of wavenumber and time is normalized to the corres-

ponding quantity in Table 1 (ko-1 = 500 kin) and plotted versus
altitude, H(km), and time, t(sec). The different types of

lines in the figure represent different wavenumbers: k"1

5 km , 20 km---, 100 km ....

27



ne30 (kt)

e30(k 0 .t)

*1100*100 "-. •----• ... .._.-. -

8

6

4

2

10 2

8

6

4

2

1030 .2 .4 .6 t(sec)

I I I I

400 300 200 110 H(km)

Figure 13. For 30 keY particles, the fast electron production as a

function of wavenumber and time is normalized to the corres-

ponding quantity in Table 1 (k -1 = 500 kin) and plotted versus

altitude, H(km), and time, t(sec). The different types of

lines in the figure represent different wavenumbers: k"1

5 km -, -20 km- - -, 100 km .
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Figure 14. For 30 keV particles, the fast ion production as a function

of wavenumber and time is normalized to the corresponding

quantity in Table 1 (ko' - 500 ki) and plotted versus

altitude, H(km), and time, t(sec). The different types

of lines in the figure represent different wavenumbers:

k" 1 -5k- , -201km- - -, - 100 km..
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make an oblique angle with gravity. To determine the effect of magnetic field
geometry on slow electron and ion production, the relative production rates of
slow electrons and ions for magnetic field lines which make a realistic angle
of 52.70 with gravity have been calculated. The production rates for slow ions

and electrons for this angle have been plotted in Figures 15 to 17 for three
altitudes (i.e., 250, 200, and 150 kin, respectively) relative to the production
rates for magnetic field lines which are aligned with gravity. The figures
indicate that the slow particle production rates are decreased for the oblique
angles, especially for larger wavelengths and lower altitudes primarily because
with oblique angles there is more time for the neutral convective or diffusive
loss processes to decrease the number of particles available for slow particle

production.
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Figure 15. The rates of slow electron and ion production by 160 and 30

keV particles for magnetic field lines at an angle of 52.70

with the vertical relative to production rates for magnetic

field lines at an angle of 00 with the vertical [i.e., Re160 =

ne 1 6 0 (e = 52.7)/ne 160 (e = 0), Re30 = ne30 (e = 52.7)/ne 30

(e = 0)] are plotted versus inverse wavenumber at an altitude

of 250 km. The initial ion and neutral densities at 400 km

altitude are taken to be 1 and 0, respectively.
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Figure 16. The rates of slow electron and ion production by 160 and 30

keV particles for magnetic field lines at an angle of 52.70

with the vertical relative to production rates for magnetic

field lines at an angle of 0" with the vertical [i.e., Re160 =

ne160 (e = 52.7)/ne160 (e - 0), Re30 = ne30 (e = 52.7)/ne 30

(e = 0)] are plotted versus inverse wavenumber at an altitude
of 200 km. The initial ion and neutral densities at 400 km

altitude are taken to be 1 and 0, respectively.
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Figure 17. The rates of slow electron and ion production by 160 and 30

keV particles for magnetic field lines at an angle of 52.70

with the vertical relative to production rates for magnetic

field lines at an angle of 0 with the vertical [i.e., Re160 =

ne160 (e = 52.7)/nel60 (e * 0), Re30 = ne30 (e - 52.7)/ne30
+ + + + +
(e = 0)] are plotted versus inverse wavenumber at an altitude

of 150 km. The initial ion and neutral densities at 400 km

altitude are taken to be 1 and 0, respectively.
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2.2 600 KM

In Figures 18- 20 and Tables 3 and 4, the results of our calculations

for fast particle structure degradation and slow particle production are

graphed and tabulated for initial fast ion energies of 160 key and 30 key.

The initial fast ion density at an altitude of 600 km at time equal to zero

is normalized to be one for all wavenumbers while the initial fast neutral

density is set equal to zero. The fast ion velocity makes an angle of 600

with the magnetic field. As the fast ions move down the field line they are
converted into fast neutrals by charge exchange. The neutrals subsequently

either again revert to fast ion form due to impact ionization or are lost as

a result of convection or diffusion.

The following figures and tables specifically address the 600 km

VER248 NRC simulation. 5 Based on the simulation, the magnetic field is

assumed to be vertical, aligned with the gravity vector, while the cold

neutral background is assumed to be undisturbed by the nuclear burst to
lowest order. These variables are shown in more detail in Figures 3 and 4.

In Figures 18 and 19 normalized n1(k,t) and n n(kt)aepoedvruali

tude and time for 160 keV particles. The curves~demonstrate that the fast

ion contribution to structure decays most strongly for short wavelengths.

The neutral density starts off at an initial value of zero and reaches a

maximum for short wavelengths and then decays. For longer wavelengths the

neutral density does not reach a maximum but continually increases for the

times and altitudes of interest. Figures 20 and 22 are comparable to

Figures 18 and 19 except that the particle energy is 30 keV. The general

qualitative features ascribed to the earlier figures also apply to Figures

20 to 22. In Figures 23 and 24 the total fast ion and neutral density are

plotted, at 310 km and 120 kin, respectively. It is evident that a greater

number of fast ion and neutral particles are lost from the short wavelength
as compared to the long wave contribution to structure. This result is im-

* plied by the neutral diffusion and convection models which are most effective

for short wavelengths. It is also noteworthy that for long wavelengths when

the convective and diffusive losses are weakest the density profiles evolve

in a quasi-steady state manner with

vin1 (k,t) *v 2 n 2(k,t) .(8)
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Table 3. The slow electron density production by 160 keV particles,

ne 60(ko), the slow ion density production by 160 keV
particles, n+ (k0 ) , the slow electron production by

30 keV particles, ne 30(k ), and the slow ion production

by 30 keV particles, n+38 (ko), are tabulated as a function

of altitude. ko = 1/500 km. Quantities are in units of

particles produced/cm per single particle at 600 km altitude.

H(km) ne160 (kO) x 10
6  n+160 (k0 ) x10

6  ne30 (ko) x106  n+30 (ko) x 10
6

600-590 1.5 x 102 7.1 x lo2 6.2 x 10-3  1.4 x 10-2

590-580 2.1 x 10- 2 7.4 x 10- 2  9.2 x 10-3  1.5 x 10- 2

580-570 2.7 x 10- 2 7.6 x 10- 2 1.2 x 10- 2  1.5 x 10- 2

570-560 3.4 x 10- 2  8.0 x 10- 2  1.5 x 10- 2 1.5 x 10- 2

560-550 4.2 x 10- 2 8.2 x 10- 2 1.8 x 10- 2 1.5 x 10- 2

550-540 5.1 x 10- 2  8.7 x 10- 2 2.2 x 10- 2 1.6 x 10- 2

540-530 6.0 x 10-2  9.1 x lo-2 2.6 x 10-2 1.6 x 10-2

530-520 7.1 x lo-2  9.6 x 10- 2  3.0 x 10- 2 1.6 x 10- 2

520-510 8.3 x 10- 2  1.0 x 10 1  3.5 x 10- 2  1.6 x 10- 2

510-500 9.6 x 10- 2 1.1 x 10 1  4.0 x 10- 2 1.7 x 10- 2

500-490 1.1 x 10 1  1.2 x 10 1  4.5 x 10- 2  1.7 x 10- 2

490-480 1.3 x 101 1.3 x 101 5.1 x lo- 2  1.8 x 10- 2

480-470 1.4 x 10 1  1.4 x 101 5.6 x 10- 2 1.9 x lo- 2

470-460 1.6 x 10 1  1.6 x 10-1 6.4 x 10- 2  2.2 x 10- 2

460-450 1.8 x 10"1  1.8 x 10-1 7.0 x 10- 2  2.4 x 10- 2

450-440 2.1 x 10-1 2.0 x 10-1 7.9 x 10- 2  2.7 x 10- 2

440-430 2.4 x 10"1  2,2 x 10-1 8.8 x 10- 2 3.1 x 10- 2

430-420 2.7 x 10 1  2.5 x 10-1 9.9 x 1o- 2 3.7 x 10- 2

420-410 3.0 x 10 "1  2.8 x 10-1 1.1 x 10-1 4.2 x 10- 2

410-400 3.5 x 10-1  3.2 x 10 "1  1.2 x 10-1 5.0 x LO2

400-390 4.0 x 10"1  3.7 x 10"1  1.4 x 10-1 5.8 x 10- 2

390-380 4.6 x 10-1 4.2 x 10-1 1.6 x 10-1 7.0 x 10- 2

380-370 5.3 x 10 1  4.8 x 10-1 1.7 x 10-1 8.1 x 10- 2

370-360 6.1 x 10 "1  5.5 x 10-1 2.0 x 10-1 9.7 x 10- 2

360-350 7.0 x 10"1  6.3 x 10-1 2.2 x 10-1 1.1 x 10- 1
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Table 3 (Continued)

H(km) n 160(ko) x 106 n 160(ko ) x 106 ne30(ko) x 106 n+30 (ko) x 106

350-340 8.2 x 1001  7.3 x 10 1  2.5 x 10- 1  1.4 x 10- 1

340-330 9.4 x 10 1  8.4 x 10- 1  2.9 x 10-1 1.6 x 10-1

330-320 1.1 x 100 9.9 x 100 1  3.3 x 10-1 1.9 x l1-1

320-310 1.3 x 100 1.1 x 100 3.7 x 1001  2.3 x 10 1

310-300 1.8 x 100 1.6 x 100 4.9 x 10 "1  3.2 x 10 " 1

300-290 2.1 x 100 1.8 x 100 5.7 x 10- 1  3.9 x 100 1

290-280 2.5 x 100  2.2 x 100 6.6 x 10-1  4.7 x 1001

280-270 3.0 x 100 2.6 x 100 7.8 x 100 1  5.7 x 1001

270-260 3.6 x 100 3.1 x 100 9.2 x 10- 1  7.0 x 100 1

260-250 4.3 x 100 3.8 x 100 1.1 x 100 8.6 x 1001

250-240 5.3 x 10 4.6 x 101 1.3 x 100 1.1 x 100

240-230 6.5 x 100 5.7 x 100 1.6 x 100 1.3 x 100

230-220 8.2 x 100 7.1 x 100 1.9 x 100 1.7 x 100

220-210 1.0 x 101 9.0 x 100 2.4 x 100 2.2 x 100

210-200 1.4 x 101 1.2 x 101 3.1 x 100 2.9 x 100

200-190 1.8 x 10 1.6 x 101 4.0 x 101 3.9 x 10
190-180 2.5 x 101 2.1 x 101 5.4 x 100 5.4 x 100

180-170 3.5 x 101 3.0 x 101 7.6 x 100 7.7 x 100i

170-160 5.3 x 10 1 4.5 x 10 1 1.1 x 10 1 1.2 x 10 1

160-150 8.6 x 10 1 7.3 x 101 1.8 x 101 1.9 x 101

150-140 1.5 x 102 1.3 x 102 3.1 x 101 3.4 x 101

140-130 3.2 x 10 2.7 x 102  6.4 x 101 7.3 x 101

130-120 1.0 x 103  8.4 x 102 1.9 x 102  2.3 x 102
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4 Table 4. The total production of slow electrons and ions between

600 and 120 km per single fast ion at 600 km altitude

is tabulated as a function of inverse wavenumber.

110160 3030k-l(km) neT160(k) n+T1(k )  n eT30(k) n+T (k)

5 3.4 2.5 1.5 x 10 1  2.1 x 10-1

20 4 .0 x 102 3.5 x 102  1.7 x 101 1.9 x 101

100 1.5 x 10-3  1.3 x 103  2.2 x 102  2.6 x 102

500 1.8 x 103 1.5 x 103  3.4 x 102  3.9 x 102
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Figure 18. For 160 keV particles, the fast ion density, as a function

of wavenumber and time, ri(k,t), and the fast neutral density

as a function of wavenumber and time, n n(k,t), are normalized

to the initial fast ion density at time, t 0 sec, and altitude,

600 km, and plotted versus time, t(sec), and i 4itude, H(km).

The initial neutral density is zero. The different types of

lines used in the figure represent different wavelengths:

k 1  5 km , = 20 km -, 100 km-.-, and

- 500 km
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Figure 19. For 160 keY particles, the fast ion density, as a function

of wavenumber and time, n 1(k,t), and the fast neutral density

as a function of wavenumber and time, n n(k,t), are normalized

to the initial fast ion density at time, t = 1.368 sec, and

altitude, 310 kin, and plotted versus time, t(sec), and altitude,

H(km). The initial neutral density is zero. The different

types of lines used in the figure represent different wave-

lengths: k'1 I 5 km ,*20 km - - - ,*100 km- -

and *500 km...
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F.Figure 20. For 30 key particles, the fast ion density, as a function
[of wavenumber and time, n 1(k,t), and the fast neutral density
r as a function of wavenumber and time, fn (k~t), are normalized

to the initial fast ion density at time, t a 0 sec, and altitude,

600 kin, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types of

lines used in the figure represent different wavelengths:

-\\
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Figure 21. For 30 keV particles, the fast ion density, as a function

of wavenumber and time, ni(k,t), and the fast neutral density

as a function of wavenumber and time, n n(k,t), are normalized4n

to the initial fast ion density at time, t = 0 sec, and altitude,

600 km, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types of

lines used in the figure represent different wavelengths:

k" 1 . 5 km -, • 20 km - - -, * 100 km ... , and

• 500 km

41 i1_ _ _ _ _



100

8 . n (k,t)

4--__ n (kt)

nik i37)

2

10"1

8

6

4

2

10
- 2

8
6 nn(k,t)

nn(k,t=1.37)

4
ni(k,t)

ni(k,t=1.37)

2

S I I I I I

1.4 1.6 1.8 2.0 2.2 2.4 2.6 t(sec)

300 200 120 H(k-n)

Figure 22. For 30 keV particles, the fast ion density, as a function

of wavenumber and time nt(k,t), and the fast neutral density

as a function of wavenumber and time, nn(k,t), are normalized

to the initial fast ion density at time, t = 1.368 sec, and

altitude, 310 km, and plotted versus time, t(sec), and altitude,

H(km). The initial neutral density Is zero. The different

types of lines used in the figure represent different wave-

lengths: k - 5 km , - 20 k- -- , - 100 km .. ,

and - 500 km .....
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The slow electron and ion production due to ionization by 160 keY

and 30 keY ions and neutral particles is tabulated in Table 3 for the 500
km wavelength and plotted in Figures 25 - 28 for shorter wavelengths. In

the figures the slow electron and ion densities are normalized to the corres-

A ponding 500 km wavelength values found in Table 3. Because the calculations
.1 are based on the CIRA tables which are tabulated for 10 km distance intervals,

the numbers in Table 3 are actually the number of particles which would be

generated for a time interval corresponding to the traversal of 160 or 30 key

particles across ten kilometers of altitude. To determine an average value
* for slow electron and ion density per cubic centimeter over a ten kilometer

distance, the numbers in the table are divided by 10 6. There are four signi-
ficant qualitative features in Table 3 and Figures 25 - 28. First, the number

of slow particles produced increases at lower altitudes for the 500 km wave-
length calculation primarily because the neutral convection or diffusion

I losses are relatively weak compared to shorter wavelengths and because the

cold neutral background is greater at lower rather than at higher altitudes.
Second, relative to the 500 kilometer slow electron and ion generation, the

generation at shorter wavelengths becomes increasingly weaker especially at

lower altitudes. The reason for this effect is the loss of fast ions and
neutrals due to the convective and diffusive neutral loss processes at short

wavelengths. Third, the total density of slow electrons and ions which would

- 1 *be contained within one cubic centimeter if the slow particle generation had
taken place within one cubic centimeter can be calculated by adding up the

contributions in each column of Table 3. It is clear that carrying out the

* calculation down to an altitude of 310 km still permits the creation of a

larger number of electrons and ions than were in the original 500 km struc-

ture at an altitude of 600 km (see Table 4). However, for shorter wavelengths

the number of slow electrons and ions is smaller than for k-1 = 500 km. This

effect is again due to the loss mechanism which especially affects short wave-

length structure. Fourth, the 160 keY particles generate a greater number of

* slow electrons and ions than do the 30 keY particles.
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Figure 25. For 160 keV particles, the slow electron production as a

function of wavenumber and time is normalized to the corres-

ponding quantity in Table 3 (k = 500 km) and plotted versus

altitude, H(km), and time, t(sec). The different types of

lines in the figure represent different wavenumbers: k"

5 km 20 km---, =100 km..
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Figure 26. For 160 keV particles, the slow positive ion production as a

function of wavenumber and time is normalized to the corres-

ponding quantity in Table 3 (ko'- = 500 ki) and plotted versus

altitude, H(km), and time, t(sec). The different types of

lines in the figure represent different wavenumbers: k =

5 km ,- 20 km---, - 100 km .
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Figure 27. For 30 keV particles, the fast electron production as a

function of wavenumber and time is normalized to the corres-

ponding quantity in Table 3 (k 0 500 km) and plotted versus

altitude, H(km), and time, t(sec). The different types of

lines in the figure represent different wavenumbers: k

5 km-, 20 kin- -- , 100 km ..
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Figure 2B. For 30 keV particles, the fast positive ion production as a
function of wavenumber and time is normalized to the corres-

ponding quantity in Table 3 (k -500 kin) and plotted versus
0
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2.3 2 00 KM

Calculations to determine the decay of fast ionized structure down

field lines as a result of charge exchange and impact ionization have been

carried out for a burst altitude of 200 km with the ambient atmosphere chosen
5from Reference 6, consistent with NRC simulations. Also, based upon the NRC

simulations, LOW BEAR 200 and LITTLE ONE 200, the magnetic field lines in the

vicinity of the burst are taken to be at 45 degrees with the vertical and the

cold neutral density along the magnetic field lines is assumed to be a con-

stant and appropriate to the bubble surface (i.e., 3 x 10 - 5 grams/cm 3).
Results are summnarized in Table 5 and Figures 29 to 35. The geometry for

this case is shown in Figures 5 and 6. Because contours of constant density

are roughly parallel to the magnetic field and the cold neutral density varia-

tion across the magnetic field was not taken into account in the calculations,

the results presented here actually represent an underestimate of the actual

impact of charge exchange and impact ionization on the decay of the initial

fast ion structure.

Neutral effects appear singularly weak in this case (compared to

those previous) because the high degree of ionization associated with a

fireball has eroded the cold neutral density appropriate to the ambient

undisturbed ionosphere. In reality, far from the burst point the cold

neutral density approaches ambient and slow electron and ion production

becomes much larger than the initial fast ion density, and is comparable

to the lower altitude production for the 600 km and 400 km bursts presented

above. This is not determined quantitatively from the microfiche data of

Reference 5.
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Table 5. The total number of slow electrons and ions between

200 and 200 km produced per single fast ion at 200 km

is tabulated as a function of inverse wavenumber.

k'l(km) / neT160(k) n+T160(k )  neT30(k) n+T30(k)

5 1.1 1.6 .29 .82

20 1.5 1.8 .39 .88

100 1.7 1.9 .44 .91

500 1.8 1.9 .50 .94
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Figure 29. For 160 keV particles, the fast ion density as a function of

wavenumber and time, ni(kt), and the fast neutral density as

a function of wavenumber and time, n n(kt), are normalized to

the initial fast ion density at time, t a 0 sec, and altitude,

200 km, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types

of lines in the figure represent different wavelengths:

k" 1= 5 km- , = 20 km - - - , = 100 km --.-. , and

a 500 km ..... . The total cold neutral density is taken

to be 3 x10715 g/cm3 .
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Figure 30. For 30 keV particles, the fast ion density as a function of

wavenumber and time, ni(kt), and the fast neutral density as

a function of wavenumber and time, n n(kt), are normalized to

the initial fast ion density at time, t = 0 sec, and altitude,

200 kin, and plotted versus time, t(sec), and altitude, H(km).

The initial neutral density is zero. The different types

of lines in the figure represent different wavelengths:

k-1 . 5 km - , - 20 km - - - , - 100 km -.-. , and

= 500 km ..... . The total cold neutral density is taken

to be 3 x 1015 g/cm3.

53



'CD

o C o

4J
'I) 4J

0 Go-

4-

4J

C

qo:0 C

54 4



160
n e (k,t)

100 I

8

* -, 6

4

2

8

6

4

2

10 2
i20 .1 .2 .3 t(sec)

200 150 100 H (km)

Figure 32. For 160 key particles, the slow electron production as a
function of wavenuniber and time normalized to the initial
fast ion density. The different types of lines represent

-1different wavenumbers: k = 5 km - ,=20 km- -

100 km - .and = 500 kmn
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Figure 33. For 160 key particles, the slow ion production as a
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Sdifferent wavenumbers: k-"1 - 5 km - , - 20 kmn -- ,

•100 km .. .,and - 500 km....

, 57

0 .. . ... . . 3 . 4 .. . 5 . 6. -, A.



n+ 30 (k t)

I 00

8

6

4

2

10-1

8N

6 .

4N

2N

2

10 .1 .2 .3 .4 .5 .6 t(sec)

I I

200 150 100 H(km)

Figure 35. For 30 keV particles, the fast ion production as a

function of wavenumber and time normalized to the initial

fast ion density. The different types of lines represent
different wavenumbers: kI1  5 kin - , - 20 km - - -

*100kin... , k 500 km ..... .
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3. EFFECT OF DECAY BY RECOMBINATION ON THE PSO

All ionization decay appears to be nonlinear in the ionization density,
since at some point in the recombination process (which can be succession of
interactions) two charged particles produce a neutral. This can be seen in
detail in References 7 and 8.

Ionization decay should obey an equation of the form

dn*-an (9)

with

a decay coefficient

n - electron density.

We will do specific calculations with am constant, although generally
> .Usage of a = constant in place of dT- > 0 would tend to present

dnn
a lower bound on the smoothing effect of nonlinear decay, but further
intricacy is possible.

Consider variation over a time interval with

0< t <t ,(10a)

n(t -O) no (1ob)

n(t) -n *(10c0

Then integrating Eq. (9) results in

1 1 a-uct (11a)
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t

or
~n O

Sn I + at n (11b)
i! 0

On Fourier transforming both sides over a periodicity length X:

X n

n(k) 1 + at no dX' (12)
! 0

For no at < 1,

n(k) = n0(k) (13)

Clearly, nothing much happens chemically.

For

no at >> 1 (14)

one has:

no nO0
no  no at (I + na

= 1ln~at~l nat)

-1n + ) +""5

*~~a Thnno-fat (noat) 2  .(5I i Then:

xJ n(k 0 ) = t (16a)

but:

xn(I 'O) - -1 f 1 e-tkX
n 0 0  e dX' (16b)
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Combination of Eqs. (16a) and (16b) results In the interesting conclusion

that the ratio n(t 0 0)/n(t 0) decreases with increasing time. To see

this, consider the case (kI f 0):

no - no(k -0) + 2no(k1 ) cos(k X) k 1 #0

2no(kj) << no(k - 0) (17)

Then:

1 1 2no(k1)
-- cos(klX) (18)

no 0no =) no (k- 0)

and, using (16b):

l 2no(kl) etklX,

n(k1) 1 2 f ( 2) -) ----- e cos kX' dX'
(at) 0 no(k =O)

no(kl)
X 0 (19)

(ct) no (k = 0)

Next using Eqs. (16a) and (11b):

n(k1) 1 no(kl) no(kl) no

n~k O) 0 at no2 (k = 0) n(k =) ) (20)

Associating no(k = 0) with no results in

n(kl1) n no (k1) n(k 1)a-< (21)n (k--D W-O no no(k - ODT< nO0(k - OT

Alternatively, again associating n0 (k - 0) with no; n(k 0 0) with n:

n(k1) n2 no(kj) (22)
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Combination of Eqs. (11b), (22), and (13) leads to Figure 36. It

is interesting to note that n(k1) is bounded by no*(a 1/at) for all no;

further, that if n0 > n0*, n(k1) varies as n0* (no*/no), i.e., n(kl) decays

as t"2 , even though n decays as 0 .

Let us assume that initially (at times less than 1 second after burst)

one has structure with no(kl)/n 0 = 1, and that the electron temperature varia-

tion among bursts is less significant than the density variation. Then at

times after burst of the order of 5 seconds, one would expect density fluc-

tuations to be less pronounced at densities with

nO >t = * . (23)

1 1 2  311 3

With - cm3/sec, this condition becomes no > 2 x cm 3 .

n(k) = n o*)

n(k1 )

n(kl z no

/

no no

Figure 36.
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Assuming full ionization and an electron temperature of five times the

ambient, this corresponds to an ambient background density of i012 cm 3 ,

i.e., significant structural non-sharpness at burst altitudes below about

100 km. Data from Blugill and Kingfish exhibit structural non-sharpness,

while Checkmate and Starfish do not appear to exhibit structural non-sharp-
9

ness. This is in keeping with our theoretical expectation.

The applicability of nonlinear chemical damping of structure as a

source of structural diffusiveness is confined to altitudes below 110 km if

one is limited to times of the order of 5 seconds or less. However, this
limitation may well be arbitrary. One can also consider the fate of structure

generated by some source of instability (which is "turned off" at time t1 ) in

the time interval between t1 and t2, with t2 denoting the time for onset of

structural development appropriate to the gradient drift instability, for

instance. If one takes t2 = 300 seconds and t1 = 1 second, the density limi-

tations apply to no as low as 3 x 109 cm
3 . With temperatures of 0.5 eV, this

would affect structures up to an altitude of 160 km; at lower temperatures,

which could be more appropriate at times of the order of hundreds of seconds

after burst, from Sappenfield's a-coefficients8 one sees that the effect

could be even more extensive in altitude.

One can calculate the effect of the recombination on a general profile

no(X) through Eq. (12). Roughly speaking, for no(X) < 1/at there is no loss

of structure; for n0 > i/ct the structure is lost more rapidly than the mean

density. To get some feeling for the effect, we consider

n -0 no(k = 0) [1 + (1 - cos kIX] 0 < c< 1 (24)

Then for no at >> I from Eq. (16b), one has

21r/k 1

n(mkl) = -1 ( k 1

1 -imkX'

[1 + (1 - C) cos kiX'] e dX'

m integer (25)
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10On substituting z - klX', and using some trigonometry and a standard formula:

r m 2m

n(mkl) = klr 2- 2 1 (26)

1 K~ 0 IK (at) 12-- c r.

with

r /9 . (27)

One can verify

0< r< 1

for

0< e< 1

From Eq. (26), an exponential spectrum results from the profile of
Eq. (24). The variation as e -+ 0 is not strongly divergent. Hence, even

for rather large initial modulations, structure at k is lost more rapidly
than the mean density, while at the same time bounded higher harmonic behavior

is created.

From this analysis one concludes:

1. Chemical recombination produces a spectrum with

n k =no(k = 0) no

for no at >> 1. Put another way, for no at >> 1, n(k 0 0) - t 2

-1*while n(k = O) - t .

2. From Figure 36, for all possible no with no(k f O)/no(k - 0) fixed

and of order unity, the maximum n(k 0) at time t is of order no0

(- 1/at) and derives from n0 = n0*. For n0 > n0*, n(k # 0)

no6*(no*/no).
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3. For no a~t >> 1 and

n 0 = n 0(k= 0) [1+( 0 e cos k X] 0 O < 1

an exponentially decaying (in wavenumber) spectrum of higher harmonics
is generated [see Eq. (26)].
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4. COULOMB DIFFUSION OF FAST IONS AND ELECTRONS

In this section expressions for the Coulomb diffusion of suprathermal

electrons and ions across a slab geometry magnetic field are derived. The

plasma model used for the calculation is identical to the one used in Appendix

A with the exception that an x-directed ambipolar electric field will be re-

quired for the present discussion. Only elastic collisions are considered.

The equations appropriate to the description of transport of fast11-13
particles are:

m e

-* -B0 B me

0= VPe - ene + V -e je (28a)

J i x Bo 0 m i
0 = - VP. + en.E V - (28b)

c i e (28

In Eqs. (28a) and (28b) the notation is similar to Appendix A except

that quantities here refer to fast ions and electrons. Also, in the equations

v e and vi are the collision frequencies for momentum loss with the less ener-

getic background particles of the energetic electrons and ions, respectively;

however, the reaction between energetic particles is neglected.

To lowest order in the assumed small parameters velIJeI and vi/l il
the solutions to Eqs. (28a) and (28b) are:

-(o) (-L 'Pe 4
Je y 8 x+en eE * j(29a)

J(o y (F ax -en E~x (29b)
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To next order in the small parameter,

*i(1) -ve nc -e ni

Ji - - e (TCO ( -apxi en iE x(30 b)

Because of quasineutrality,

n ez ni  (31)

it is necessary that there be no x-directed current:

=(Je + ji) " x (32)

Equation (32) implies that

-,E vimi(aPi/ax) - Veme(aPe/ax)
E x = en (V me + vimi) (33)

and

~(I) ^ (1) ^ Vevimemi 1
3e  x = - x = x Verme + vimi e

c -I) + - -i (34)

Several features of Eqs. (33) and (34) are noteworthy. First, it is

possible to det-_rmine a constraint on the ambipolar electric field in Eq. (33)

which is consistent with quasineutrality if we scale the electric field as

^ T
E e (35)
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where T is a temperature and L is a scale length. From Gauss' law this con-

straint is:

Sne nil 2
I eel ff = <<2 1 (36)

4wne2L2  \ /

In Eq. (36), the parameter XD is the Debye length. Second, Eq. (34) is inde-

pendent of the ion collision frequency if

VeNe << V1 . (37)

Physically, this corresponds to the ion transport across the magnetic field

being constrained by the slower electron transport rate. Contrarily, if

vimi << Veme , (38)

the electron transport is constrained by the slower ion transport rate.

To complete the description of electron and ion transport across the

magnetic field, a precise form for the electron and ion collision frequencies

for suprathe-mal electrons and ions is necessary. Such expressions are found

in Ref. 14 under the assumption that the thermal particles are electrically

charged. For fast electrons collisions with both background electrons and

ions contribute and

ye = (7.7 Xee + 3.9 xei) x 10-6 ne E"3/2  (39)

In Eq. (39) the parameters ne and e are the background electron density (in

units of cm"3) and energy (in units of electron volts), respectively. The

Coulomb logarithms xee and X e are a function of the background electron

temperature (Te), background ion temperature (Ti), background electron den-

sity, and the relative ion to hydrogen mass ratio, v:

Xee " 23 - In (nel/2Te"3/2) Te < 10 eV

- 24- In (ne 1/2Te" ) Te > 10 eV , (40a)
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Xei .23- In (ne1/2Te 3 2) 10 eV > Te > Time/mi

24 - (n( T T > 10 eV > T me/M
e e e eV e T ime

- 30 - In (nt1/ 2T'3 2 - ) , Tt > Temi/me . (40b)

The ion collision frequency depends on whether the energetic ions have speeds

which are in excess of or less than the electron thermal speed. For ions

with speeds which are larger than the electron thermal speed electrons are

the primary cause of drag on energetic ions and

Vi = 1.7 x 10-4  -1/2 Xei ni C-3/2  (41)

where P is the ratio of ion the proton mass. However, if the electron thermal

speed is larger than the energetic ion speed drag on both electrons and ions

contribute to the slowing down of a fast ion, i.e.,

= 1.8 x 10-7 -1/2 X -3/2 + 1.6 x 10-9  n
Vj ii 1e

Te'3/2  (42)Xeie

In Eq. (42)

XH = 41.5 - 0.5 In (n e/T e) (43)

and it has been assumed the ion-ion collisions are betweer like ion species.

On using Eqs. (40a), (40b) and (43) to compare (39) and (41) or (42),

one readily establishes that to within factors of unity

mtv t > meeve

Hence particle fluxes can be estimated through the simplified form of Eq.

(34):
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nl " nUflx ' 2 (Pe + Pi) (44)
e ex iix eB

If temperature variation is neglected, the density diffusion coefficient,

Dn is given by:

me2

Dn W e ve (Te + T )  . (45)

Let us seek the bound on wavelengths such that there is a density

decay of at least e 1 in 5 minutes. This condition is:

Dn ky 2 > 3 x 10- 3 sec-1

or equivalently (for Te = Tj) :

< <2.5 x 105. (46)

It is clear that significant Coulomb diffusion perpendicular to B, as an

early time phenomenon (< 5 minutes time scale) is limited to wavelengths

of order several kilometers or less.
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5. SUMMARY AND OVERVIEW

In time sequence one expects first charge exchange and impact ioniza-

tion (Section 2), and then recombination (Section 3), and Coulomb diffusion

(Section 4) to affect the Fourier amplitudes in wavenumber of the charged

particle density. The relationship between inverse wavenumber (k1) and

structure scale length perpendicular to B (Ln) is ambiguous because Ln is

not precisely defined; typically however one expects for reasonable defini-

tions of Ln that

Ln =1- k
1

(To see this consider a wave acos kx, a << 1, on a background of size

unity. Let us find the scale length corresponding to this wave.

To first order in a we have

vn/n - k acos kx

or for the ro-it mean squared value

(Vn/n)rms = (fdx k2 a2 cos2 kx/f dx)

k a /2 .

If we set (vn/n) r.m.s a/Ln , Ln  / k 1 . )

Subject to this uncertainty the various graphical results of Section 2 can

be interpreted in terms of structure scale length directly.

The results from Section 2 furnish strong limitations on the persis-

tence to lower altitude of structure due to fast particle structure present

at the bomb burst altitude. Figures 11 and 13 establish for the 400 km burst

with vertical field lines that degradation increases with decreasing length
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scale, also that the major contribution to degradation comes from the region
'1 in altitude where the neutral mean free path for impact ionization is com-
-' parable to the structure size. At higher altitudes charge exchange, propor-

tional to the ambient neutral density, is relatively weak; at lower altitudes

thle mean free path for impact ionization becomes less than the structure

scale length and diffusion of ionized structure through the intervening

neutral transport becomes weaker. The degradation of structure through
neutral transport persists to lower altitudes for shorter wavelengths.

Hence the increased damping of Fourier components with decreasing wave-
length.

* Figures 15 - 17 show that the wavelength dependence of degradation

is increased when the magnetic field makes an angle with the vertical. This

is due to the greater path length between altitudes.

The results of Section 2.2 show behavior which parallels that of

Section 2.1. However, one notes that Figure 24 indicates more degradation

than corresponding Figure 10. This appears to be largely due to the greater

densities in the ionospheric model of Section 2.2 which result in the region

of maximum increase in degradation being higher in altitude where the atmos-

pheric density gradient scale lengths (and hence the extent of region of

strong degradation) are greater.

The figures of Section 2.3 show for fireball behavior, where the

cold neutral density is severely eroded, that degradation from neutral

*effects is less severe.

The results of Section 3 show that chemical recombination affects

structure significantly if no ait > 1. (Here no a the ionization at the

start of the time interval, t, and a a the recombination coefficient.)

Recombination causes all structure to decay more rapidly than a uniform

background, and an initial structure with a single large amplitude Fourier

component produces a spectrum of higher harmonics which exponentially decay

with increasing wavenumber.

The results of Section 4 for diffusion due to Coulomb scattering

lengths of several kilometers or less provided the electron density is lessI
than 10O9 cm-3 and the ionization temperature is greater than 0.1 eV.
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The results of this report support the potential usefulness of the

approach of separating early time behavior into two intervals:

a) 0 < t < ti, when plasma wave mechanisms develop structure.

b) t1 < t< t, when structure decays according to non-plasma

wave mechanisms, prior to the time when the magnetic field

relaxes back to ambient.

It is possible due to the strength of the mechanisms of Sections 2 and 3

that detailcu consideration of much of the plasma instability behavior which

has occurred in connection with the early-time behavior of HANE (prior to ti)

is unnecessary for the provision of initial condition inputs to the

SCENARIO coe2(at t2)

The following areas and questions derive from this report:

1. Detailed application of these notions to large scale codes.

2. Estimation of t 1 as a function of free-energy source (When do

various free energy sources of instability turn off? Do the

turn off times occur prior to the relaxation of the magnetic

field back to ambient?).

*3. Estimation of field line coupling effects (space-charge and

electromagnetic) on the spectrum of structure.

4. Estimation of mass flow effects on structure scale lengths.
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APPENDIX A

CLASSICAL PLASMA AND MAGNETIC FIELD TRANSPORT

IN SLAB GEOMETRY

Two mechanisms, classical and anomalous, relax plasma and magnetic

field configurations in such a way that entropy is maximized and thermal
equilibrium is approached.A1-A4  The difference between the two mechanisms
is that those which are classical are a result of particle collisions whereas

those which are anomalous are caused by wave phenomena. In general, the mini-
mum rate of plasma and magnetic field transport possible in any configuration

is classical with appropriate account being taken of geometry.

In this appendix the rate of plasma and magnetic field transport in
a slab geometry is derived assuming classical electron-ion collisions. The
precise plasma model used in the calculations is shown in Figure A-I. The z-
directed magnetic field of strength Bo and the particle pressure, P, have x-
directed gradients. The y-direction is ignorable.

The equations which give the plasma and magnetic field transport in
t,, x-direction are for simply ionized ions

0 ne=l (A-La)

0 at i (A-Ib)

"Z_~ ~ XB me  4. ."

0 =-vP -ene + e + e V + ) (A-ic)e e' c Te ei e

" e 0 e 
( + (A-id)0= -vPI + eniE + c e Veil (A-d)

0= V x B 0 T (5e + j) CA-le)

.4. Bo

0 v x E + a (A-if)
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Figure A-i. Geometric model used as basis for

calculations in Appendix A.
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*1

In Eqs. (A-la- A-if) the symbols ne n1, PeI Pig E, j e' Ji, and elrepresent

the electron density, ion density, electron pressure, electric field, ion

pressure, electron current, ion current, and electron-ion collision frequency,

respectively. The constants c, me and e are the speed of light, electron mass
and the magnitude of the electron charge, respectively. Also, time is repre-

sented by "t."

Several features of Eqs. (A-la) to (A-if) are noteworthy. First, the
addition of Eqs. (A-ic) and (A-id) and using Eq. (A-le) results in the equili-

brium condition

2e(n1 - n e)E= V(P e+ P + B 0/8wr) .(A-2)

This condition reduces to

0 V( P e + P B2 //81) (A-3)

if

E = E Y (A-4)

is a y-directed inductive electric field. Second, inertial terms have been

neglected in Eqs. (A-ic) and (A-id). When such terms are significant, non-

linear phenomena (e.g., shocks) rather than diffusive transport are described

by the equations.A2

The electron and ion currents can be determined from Eqs. (A-ic) and

(A-id) in terms of the small parameter vei/Iael where

fe = -e Bo/mec (A-5)

is the electron-cyclotron freque" To lowest order,

e() (Pe en eoE o

S( -eo (A-6a)e B 0  ax y 0

o 0

) B7

.... o -- 6b-



where x is the x-directed unit vector. To next order,

e(1) t (0) i c + (A-7)-e -Jx -Oe ° Bo x (i +  e )  A7

4.

Note that the convective E x B term in Eqs. (A-6a) and (A-6b) does not
0 0

explicitly contribute to the current in Eq. (A-7). Also, Eq. (A-7) does not

depend on the existence of an ambipolar electric field.

Substitution of Eq. (A-7) into Eqs. (A-la) and (A-lb) leads to the

following expressions for the rate of which electron and ion density profiles

change with time,

ane an1  c 2  aWne m e e (Pe + Pi )
-t- at- x n e ei 3x

a - Dn - ne  (A-8)

with the diffusion coefficient,

2

Dn B me e + T ei (A-9)

In deriving the second form of Eq. (A-8)

P = ne(Te + Ti)

with constant electron and ion temperature, Te and Ti, respectively.

To find the rate at which the magnetic field diffuses with time it

is noteworthy that Eq. (A-3) implies that the total particle plus magnetic

pressure is a function of time but not of space; i.e.,

g(t) = Pe + Pi + 8o2/8w (A-l0)

The differentiation of Eq. (A-10) with respect to time results in
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B°2  B A an
8 T ' (Te + Ti) -(A-11)at gr 47 at dt 'el'at

From Eqs. (A-3), (A-8), and (A-i) it follows that

B2  B 2

B 0 B Dn 0o + d ) (A-12)at 8 --
= Tx ax n --x dt

or since the function, g(t) does not depend on space

B [f(x,t)] = -xD - f(x,t) (A-13)atax nax

where

f(x,t) = B0
2/8n - g(t) (A-14)

Eqs. (A-8), (A-12) and (A-13) indicate that the diffusion equations for the

magnetic pressure and density have identical forms only if g(t) does not depend

on time (i.e., the total pressure in the system is a constant for all times).

Furthermore, the directions of density and magnetic field transport are oppo-

sitely directed.

To determine whether density or magnetic field diffuse more rapidly

it is useful to define the scale lengths,

Ln = Ine/(ane/ax)l (A-15a)

LB = IB0 2/(aB0 2/x)l (A-15b)

Equation (A-3) permits the scale lengths to be related:

Ln= aL8  (A-16)

with
0 8n (Pe + Pi)/Bo2 (A-17)

79



The scale times for diffusion of density and f(x,t),

Tn = Ine/(ane/at)I (A-18)

Tf = If(x,t)/[af(x,t)/at]i (A-19)

are then related from ;qs. (A-8) and (A-13) by

Tn/T f  L . (A-20)

For g(t) a constant Eq. (A-20) gives the ratio of the time scale for density

variation to the time scale for magnetic field pressure variation.

It follows from Eq. (A-20) that the density diffuses more rapidly than

f(x,t) for a < 1, but f(x,t) diffuses more rapidly than the density for 0 > 1.

Because of the increasing magnetic field modification for high beta plasmas,

this behavior is consistent with the diamagnetic properties of the assumed

plasma model.

In addition to determining the time and spatial evolution of the density

and magnetic field it is possible to write an expression for the evolution of

the inductive y-directed electric field. From Eqs. (A-if) and (A-12)

B 2

_ = I Dn  _ + A (A-21)
ax cB 0 \7a x d7r t )

and so the electric field depends not only on the magnetic field strength and

spatial gradients of the magnetic field but also on the time variation of the

total pressure within the system.
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APPENDIX B. DECAY OF FAST ION STRUCTURE IN THE IONOSPHERE

ABSTRACT

Fast ions with energies in excess of ten kilovolts can be generated with-

in the ionosphere by magnetic storms or manmade mechanisms. It is shown that
charge exchange of fast ions into fast neutrals results in the rapid attenu-
ation of structure with neutral mean free paths much larger than the structure

dimensions and the generation of structure of larger size. For structure with
dimensions much larger than the neutral mean free path fast neutral loss is
diffusive rather than convective and attenuation of structure is less rapid.

INTRODUCTION

Fast ions with energies in excess of one kilovolt can be generated in the

ionosphere by magnetic storms FSharp et al., 1976a; Sharp et al., 1976b;
Banks, 1979] or manmade mechanisms [Zinn et al., 1966; Glasstone and Dolan,
1977]. Once formed, these ions travel on magnetic drift surfaces toward the
northern or southern conjugate points. While following their trajectories the

ions can undergo charge exchange collisions with less energetic background
neutrals [Fite, et al., 19721 thereby generating fast neutrals, with energies

approximating the original fast ion energies, and slow much less energetic
ions. The fast neutrals are not constrained to magnetic drift surfaces and
follow a trajectory, consistent with those forces which are not electromagnet-
ic or electrostatic (e.g., gravity, pressure, etc.), until they undergo an im-

pact ionization collision with the cold neutral background [Fite, et al.,
1972]. With the impact ionization collision a fast ion and a less energetic
neutral are generated. In addition to undergoing charge exchange and impact
ionization processes, the fast particles can concurrently or in separate col-

lisions ionize cold neutral material [Fite, et al., 1972] and increase the
total amount of ionization available. Successive charge exchange, impact ioni-

zation and ionization events occur until the energy of the initially fast par-

ticles is reduced to the background level.
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The purpose of this appendix is to calculate the attenuation, resulting

from charge exchange and impact ionization collisions, of an initial structure

of fast ions as the structure travels down field lines into denser portions of

the atmosphere. It is demonstrated that the attenuation is most rapid for

small structures because for such structures the neutral mean free path for

impact ionization is larger than the structure dimensions and neutral trans-

port is convective rather than diffusive.

Subsequent portions of this appendix are divided in the following way. In

the second and third sections the plasma model and equation are described, re-

spectively. In the fourth and fifth sections solutions to the equations in a

homogeneous plasma and in the ionosphere are given. The final section is a

discussion of results.

MODEL

The model used as the basis for the calculations is shown in Figure B-I.

A z-directed magnetic field of strength Bo is assumed antiparallel to the

gravity vector, 4. Hence, the magnetic field geometry is most apr cable to

regions near the north or south magnetic poles. The inhomogeneity of the fast

ion density, nI , and fast neutral density, n2 , are x-directed and the

y-coordinate is ignorable. The evolution of an infinilesimal z-directed length

of the structure is followed and the velocity space fast ion distribution

function is assumed for definiteness in the calculations to be a delta func-

tion with equal perpendicular and parallel speeds. The velocity distribution

of neutrals formd by charge exchange is isotropic in the x- and y-directions

because of ion gyration about the magnetic field. To determine the evolution

of a finite z-directed length of structure and a velocity spread of particles

solutions analogous to the ones which are considered here would have to be

superimposed.

The fast particles are taken to be either singly ionized or neutral mon-

atomic oxygen. The cold neutral background species and density as a function

of altitude, ns, are taken from Fite et al., 1972 . Possible variation of neu-

tral density in the direction orthogonal to the magnetic field is neglected.
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EQUATIONS FOR EVOLUTION OF FAST PARTICLE DENSITIES

To establish the evolution of the fast particle structure, the calcula-

tion is carried out in a Lagrangian frame of reference moving with the initial

fast ion structure along the magnetic field. The relevant equations are:

dnl(x,t)
-t= v1(t)nl(xt) + v2 (t)n2(x't) (B-la)

dn2(x,t)+
dnd

dt = v2(t)n2 (xt) 
+ vl(t)nl(xt) - vo(ext) (B-lb)

with the symbols the fast ion density as a function of x and t Enl(x,t)], fast

neutral density as a function of x and t [n2(x,t)] charge exchange collision

frequency as a function of time [v(t)], impact ionization collision frequency

[v2(t)], and neutral loss frequency which is a function of a differential op-

erator and time [vo(d/dx,t)]. It is useful to rewrite Eqs. (B-la) and (B-ib)

in terms of the Fourier integrals:

00
n2(x,t) = f dk n2(k,t) exp(ikx) . (B-2a)

n 2(x't) = fdk n 2(k,t) exp(ikx) . (B-2b)

Hence,

d
d+ vl(t) nl(kt) = v2 (t)n2 (k,t) (B-3a)

d + v2(t) + vo(k't)]n2(k't) = vl(t)nl(k't) (B-3b)

IT
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The collision frequencies in Eqs. (8-la), (8-1b), (8-3a) and (B-3b) are

determined through the relations

v(t) = v I1  sns(t) (B-4a)

v2(t) = v2  O2sns(t) (B-4b)

v1 , v2 , ols, a2s and ns(t) represent the fast ion speed, fast neutral speed,

cross section for collisions of fast ions with cold neutrals of species s,

cross section for collisions of fast neutrals with cold neutrals of species s,

and cold neutral density of species s as a function of time, respectively.

Two forms for the neutral loss frequency have been chosen. First if the

neutral mean free path is much larger than the structure dimensions in the x-

direction, neutrals can convect out of the structure before they can undergo

an impact ionization collision. Hence, such particles are effectively lost

from the structure, and the collision loss frequency is approximated by the

following expression [Sears, 19531.

Vo(k,t) = kv2 /8 (8-5)

For cases when the neutral mean free path is much smaller than the structure

dimension in the x-coordinate a diffusive loss model is appropriate [Sears,

1953] and

Vo(k,t) = x (B-6)0 ~ 32

In the numerical solution of Eqs. (B-3a) and (B-3b) the expression for the

collisional loss term is taken to be the minimum of Eqs. (B-5) and (B-6).
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I

SOLUTION OF EQUATIONS FOR A HOMOGENEOUS IONOSPHERE

Qualitative features of the fast particle structure decay can be discov-

ered by solving Eqs. (B-3a) and (B-3b) in the limit when the collision fre-

quencies and the neutral loss frequency are time independent. Hence, in this

section Eqs. (B-3a) and (B-3b) are solved and discussed in this limit.

Eqs. (B-3a) and (B-3b) can now be written as:

[p(k) + v1]nl(k) = v2n2 (k) (B-7a)

[p(k) + v + v2]n2(k) = vlnl(k) (B-7b)

with

nl(kt) - exprp(k)tl (B-8a)

n2(k,t) - exp[p(k)t] (B-8b)

It follows from Eqs. (B-7a) and (B-7b) that the explicit values for p(k) are a

solution of the characteristic equation:

0 = p(k) 2 + (v I + v2 + vo)p(k) + v, . (B-9)

Hence:

_ (vl + v2 + v°) ±(v1 + v2 + Vo) 2  4vvl] 1
/ 2

p±(k) 1 2 0,1 (B-IO)

where the two solutions to Eq. (B-9) have been written as p,(k) depending on

the sign in front of the square root in Eq. (B-10). Both p±(k) are negative

definite and contribute to decay of structure. Based on Eqs. (B-8a), (B-8b)

and (8-10) the explicit solution to Eqs. (B-7a) and (R-7b) can be written as
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n(kt)v2 2 (k) expp_t) (-a)
P A(k) "2 8(k + P_ + (-

n2(k,t) = A(k) exp(p+t) + B(k) exp(pt) . (B-llb)

where A(k) and R(k) are constants. With the initial conditions

n1 (kt)J = no(k) (B-12a)

n2(k,t) = 0, (B-12b)

Equations (B-11a) and (B-11b) can be rewritten as

np(kt) .n P+ ( P_ + v1) exp(p+t) - (p+ + vI ) exp(p_t)} (B-13a)

no(k) ____ ___ ___. ___

n2 (kt) n 0(k) (p+ + v) + ) [expp+t - expp_t)] (9-13b)
P_- Pe+~~t XP 2

with the dependence of p+ and p_ on wavenumber suppressed for brevity of nota-

tion.

It is useful to rewrite Eqs. (8-13a) and (B-13b) in two limits. First,

for v , v2 ( vo fast neutrals are lost almost immediately after being formed
and the equations become

nl(k,t) - no(k) exp(-vlt) (B-14a)

n2 (k,t) - (vl/voJ no(k) exp(-vlt) . (B-14b)

An important feature of these equations is that fast ion structure only de-

pends on its initial value and the charge exchange collision frequency. Sec-
ond, for v1 ,v2 ) v. the total number of fast ions plus fast neutrals decreases
very slowly relative to the charge exchange and impact ionization collision

times and

88



no(k)
nl(k,t) V l + 2 {v2 + v1 exp[-(V1 + v?)tJ} (B-15a)

no(k)
n2(k,t) - Vi + v2 v1  - exp[-(v I + v2 )tJ} (B-15b)

Hence, for time approaching infinity

nl(k,t)/n 2 (k,t) -v2/v (B-16)

which is independent of k.

SOLUTION OF EQUATIONS FOR AN INHOMOGENEOUS IONOSPHERE

Equations (B-3a) and (B-3b) have been solved numerically for the real in-

homogeneous ionosphere. The initial conditions for the calculation are an

altitude of 800 kilometers at t = 0 and

no(k) = nl(k,t) I  (B-17a)

0 = n2 (kt) . (B-17b)

The numerical solution is followed down the field lines to an altitude at

which the fast ion density for each wavelength is about 0.001 of its initial
value. For vertical magnetic field lines, a fast particle energy of 12 keV,

and equal parallel and perpendicular speeds, the fast ion velocities down the

field line are 1.9 x 107 cm/sec. The calculations have been carried out for

two different ionospheric models with the cold neutral diatomic nitrogen, di-

atomic oxygen and monatomic oxygen densities at each altitude given by the

CIRA 1965 Hour 10, Model 9 and 1965 Hour 22, Model 4 tables, respectively [CO-

SPAR Working Group IV, 1965]. (The first model is appropriate to a quiescent

ionosphere with a very high level of solar activity while the second model is

appropriate to an ionosphere with a level of mean solar activity but under the
magnetic storm conditions of Sharp, et al., 1976a and Sharp, et al., 1976b.)
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Results are summarized in Figures B-2 and B-3 for wavenumbers with k >

10"5 cm"I and the two ionospheric models. The calculations indicate that the

fast ion attenuation is insensitive to the wavenumber particularly at higher

altitudes. Ion structure decays by three orders of magnitude in going from gnO

km to 370 km in altitude in Figure B-2 and from 80 to 280 km in Figure B-3.

Also, the fast neutral density is calculated to be appreciably smaller than

the fast ion density. These results are consistent with the homogeneous cold

neutral results of the previous section in the limit when the mean free path

for neutral collision is much larger than structure dimensions [Eqs. (B-14a)

and (B-14b)]. Hence, to lowest order the structure behavior is more closely

approximated by Eqs. (B-14a) and (B-14b) rather than Eq. (8-16) and the evolu-

tion of the fast ion structure in the Lagrangian frame of reference moving

along the magnetic field with the fast ions is

t
n1 (k,t) = no(k,t) exp[- f dt vl(t)] . (B-18)

0

For lower altitudes or larger wavelengths the neutral mean free path is

much smaller than the structure size and the loss of particles is governed by

neutral diffusion rather than neutral convection. It follows from Eq. (B-6)

that this diffusive loss is weakest for inverse wavenumber and impact ioniza-

tion frequency going to infinity. Under circumstances when vo(t) <Vl(t),

v2 (t) the relationship between nl(k,t) and n2 (k,t) is governed by an adiabatic

relation analogous to Eq. (8-18),

n1(kt)/n2 (kt) = vl(t)/v 2 (t) . (8-19)

In the limit of k + 0, the relation between the fast ion and fast neftral den-

sities as a function of the initial ion density, Eq. (B-17a), is:

n (k)
nl(kt) = 1 + vl(t)/(t) (B-20a)

n2 (k,t) = [vl(t)/v 2 (t)]n°(k) (B-20b)
1 + v1 (t)/v 2(t)
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Eq. (B-20a) indicates that at the altitude where the ion density for
k + - is one thousand times smaller than its initial value (i.e., 370 km for

Figure B-2 and 280 km for Figure B-3) the ratio

nlk't'n k 0 I  [1 + VI/V2] . (8-21)

nl(klt) k.O

For the neutral densities and cross-sections appropriate to both Figures B-2

and B-3 this ratio is approximately 7 x 10-3 .

It is clear that the exponential decay rate for structure at a given

wavenumber is greatest for altitudes where the neutral mean free path is com-

parable to the inverse wavenumber.

DISCUSSION

Fast ions can be generated by both geophysical or manmade phenomena in

the upper atmosphere.

It has been shown that the charge exchange of fast ions (e.g., monatomic

oxygen with 12 keV kinetic energy) into fast neutrals is a powerful mechanism

for attenuating fast ion structure from the altitude of 800 km down to 370

kilometers (for Figure B-2) and 280 kilometers (for Figure B-3) as long as

Eqs. (B-14a) and (B-14b) are a good description for the decay. For the parame-

ters and ionospheric model appropriate to Figures B-2 and B-3 this corresponds

to an inverse wavenumber of approximately 2 and 1 km, respectively. For larger

inverse wavenumbers or lower altitudes diffusion of fast neutrals becomes more

important and so the wavenumber component of structure decays at a less rapid

rate. Consequently for structure consisting of significant wavenumber compo-

nents with inverse wavenumbers less than or greater than the ion and neutral

nean free path, decay as well as structure shape changes occur due to strong

attenuation of the short wavelength contribution.

The calculations also demonstrate that the penetration of fast ion struc-
ture originating at high altitude to lower altitudes is a strong function of

ionospheric model. The physical basis for this effect is the increase in neu-

tral densities especially at altitudes above 300 km with increasing solar

activity.
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Figure B-1. Model used as basis for calculations.
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Figure B-2. Fast ion density for k - in units of the initial fast

ion density at 800 km vs. altitude in kilometers.
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APPENDIX C. ELECTRIC FIELn LIMITATION OF DRIFT DISSIPATIVE

WAVE GENERATION IN IONOSPHERIC STRUCTURES

ABSTRACT

Coupled background electric fields and density profiles exist across the
sides of striations and other elongated ionospheric structures. The presence

of the electric field profoundly modifies the behavior of drift dissipative

waves by shifting the location of the waves away from the point where the rel-

ative density gradient is a maximum, consequently inhibiting the growth of the

waves.

INTRODUCTION

Plasma waves in the ionosphere are sources of electron density structure.

In addition within the laboratory it is well known that they can lead to anom-

alous diffusion of pre-existing density structures [Cheng and Okuda, 1977].

It has been observed that barium cloud strations and other ionospheric

plasma density structures (as in Equatorial Spread F) tend to be elongated in

the plane perpendicular to the geomagnetic field in the direction of the x

drift [Perkins and foles, 1976; Scannapieco and Ossakow, 1976; Tsunoda et al.,

1979). (Here t and 9 are the ambient electric and magnetic fields, respective-

ly.) Around most of the perimeter of such structures, the ambient electric

field should be parallel (or anti-parallel) to the density gradient. Gradient-

drift modes have been shown to be stabilized under these conditions [Perkins

and Doles, 1976]. Hudson and Kennel [1975] have pointed out the possible im-

portance of drift-dissipative modes in ionospheric structures. The purpose of

this calculation is to evaluate the effect of this electric field on drift

dissipative mode growth rates. The key result of the calculation is that drift

dissipative modes tend to be stabilized through the presence of ambient elec-

tric fields.
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This appendix is divided into two additional sections. In the second sec-

tion, the dispersion relation for drift dissipative modes in the presence of

an ambient electric field is derived and solved. The final section is a short

discussion and review of the results.

DISPERSION RELATION

a. General Analysis

In this section, the nonlocal dispersion relation for drift dissipative

modes in the presence of an ambient electric field is derived and solved. As

the basis for the calculation, a plasma model is used (see Figure C-1) in

which the x-direction is normal to the surface of the striation perimeter. The

plasma density gradient and the ambient electric field are then x-directed.

The plasma is assumed to be homogeneous in the y- and z-directions and a uni-

form z-directed field is present. The plasma itself consists of a quasi-

neutral mixture of electrons and singly ionized ions. A uniform background of

neutral particles is also permitted in the model.

Consistent with the plasma model, the wave electric field has the form

Y1(x,y,z,t) --v{*(x) exp[i(k~y + kzz - t)]} , (C-1)

where t denotes the time. In a collisionless plasma and in the absence of the

ambient electric field, the dispersion relation for drift waves with frequen-

cies well below the ion-gyrofrequency has the form [Cheng and Okuda, 1976]

d2 "1  , (C-2)

dx

where
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Q-C' 1 Zall + (w + )xorr

P ( + 7) (Xoi - Xlt)/T ,

-ky p2 dfln(n)]/dx

Xtd -It(b) exp(-b) Z(w/v'7 kzVa)/v& kzVa

ba = (kyoa)
2

Pa va a

Va (T /m)1 /2

na = qBo/mc . (C-3)

The magnetic field strength, the speed of light, the charge of a species a

particle, the temperature of species a, and the mass of species a are here

represented by Bo, c, q., T., and ma, respectively. Electron and ion parame-
ters are differentiated by subscripts e and i. The plasma dispersion function

(Fried and Conte, 1961) and the modified Bessel function of the first kind are

denoted by Z and It, respectively. Also, the dependence of #1, Q, A, and n on
x has been suppressed in the notation of Eqs. (C-2) and (C-3).

To modify Eq. (C-2) into a form appropriate to drift dissipative modes in

the presence of an ambient electric field, the following replacements are made

[Kadomtsev, 1965J:

s"- w + kyCEo(X/B o  ,(C-4a)
yo 0

[1 + (w + w;)XoeI/Te e 1 I ) (C-4b)

where
8 (kzve)2/ve (C-5)
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In Eqs. (C-4) and (C-5), the quantities Eo(x) and ve denote the ambient elec-
tric field strength and the electron collision frequency, respectively. For

electron collisions with ions,

23.4 - 1.15 loglo(ne) + 3.45 loglO(Te) ne
ve = 3 5 x 0 5 7 , (C-6)

where Te and ne are in units of electron volts and inverse cubic centimeters,

respect i vely.

To illustrate the effect of the electric field on the drift mode, it is

assumed that

6) Iw1, IcaIli, Iw*1 • (C-7a)

In addition,

zVi (C-7b)

for drift waves, and so the parameter Q in Eq. (C-3) can be written as

Q(x) 1Tw [aw,- bcd], (C-8a)
i

where

a = 1 + Ti/T e - 10(bi) exp(-b) (C-8b)

b - 10(b1 ) exp(-b i) . (C-8c)

Now if the x-directed scale length of the wave is much smaller than the

density gradient scale length,

,. ,, (C-9)

then the parameter Q can be expanded in a Taylor series about the point, x-0,

where the local dispersion relation is approximately satisfied; i.e.,

Q(x) -Q(x)x-O + 0+ X . (C-10)1x dx

IX-0 + ' 1 + xIX|
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The first term on the right-hand side of Eq. (C-10) is the local dispersion
relation for drift waves when equated to zero [Kadomtsev, 1965]. The last two

terms contribute to the nonlocal dispersion of the modes.

Now if

Q(IxO =0 , (C-11a)

V Ix .0, (C-11b)
xuO

then

x - - b x- xuo ' (C-12a)

ad 2 - b-- . (C-12b)

dx xo r  dx d x=o

In Sub-appendix CA, relations [Eqs. (C-8a)-(C-9b)] between the background

density gradient and electric field strength are evaluated. Using these ex-

pressions, Eqs. (C-12a) and (C-12b) can be rewritten in the following way.

x ro--Tx- + Ta/Te) ky -- d x o-13a)

x=O

(C-13b)

b. Asymptotic Analysis

Let 40,M denote the maximum value of t4 [and hence of (1/n)(dn/dx)] over

the range in x with spatial variation.
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The effect of the background electric field can be categorized by

r (C-14)

For r ) 1 electric field effects in Eqs. (C-13a) and (C-13b) are insignifi-
cant, the drift mode is localized around the value of x such that Iiel is a
maximum, and the growth rate scales as aIml. (See Sub-appendix CB for de-

tails.)

For r ( 1 the electric field effect is dominant. This limit obtains for
density gradient scale lengths perpendicular to B (- L.) with

Ln  v(C-5)

Typically vi/(cExo/B) is less than 10 and the inequality is satisfied for

Ln ) 0.1 km.
To demonstrate the electric field effect quantitatively for r < 1, assume

that

4 1 dqn (1 dn (C-16)
n q C n d /m 

-  Lq

with C of order unity, and the maximum value of E1/n(dn/dx)] denoted by
El/n(dn/dx)Jm.

Condition (C-16) appears to be likely for higher order density deriva-
tives, although one could mathematically construct density profiles which
violate it. On using Eqs. (C-11b) and (C-13a) one obtains:

kYP i c i(I + Tti/Te) (1d n

11a Zcidn x [I+ (Ti/Te)] ' (C-17)

1-a ky(CE. /B(n./n) i/T

with a of order unity for Ti = Te.
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Using Eq. (C-16) to lowest order in r this becomes:

k 2 c(1 + Ti/Te)

From Eqs. (C-16) and (C-18) it is clear that

(dn C )x( ( n)m (C-19)

c. Nonlocal Behavior

We note additionally that previous nonlocal treatments of drift waves
have been in the zero ambient electric field limit and have been carried out
about the points where the magnitude of the diamagnetic drift frequency is a
maximum and d2Q/dx 2 is positive. However, with an ambient electric field, Eq.
(C-19) indicates that the drift waves are centered about points which are dif-
ferent from the ones at which the magnitude of the drift frequency is a maxi-
mum. Moreover, the extremum values of Q are shifted in space as a result of
the ambient electric field and it is not obvious that d2Q/dx2 is positive or
negative. Hence, in Sub-appendix CC the nonlocal dispersion of drift waves is
examined first for d2Q/dx2 greater than zero and then less than zero.

It should be noted that the detailed features of the x-directed mode
structure are higher order in the inverse density gradient scale length than
the shift in modal location. Consequently, these detailed features are corre-

spondingly less significant.

DISCUSSION

A nonlocal analysis of the dispersion relation for drift dissipative
modes in the presence of an ambient electric field has been evaluated. A crit-
Ical feature of the calculation is the coupling of the ambient electric field
to the density profile (Sub-appendix CA).
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The analysis suggests that drift dissipative waves are in general stabil-
ized by the presence of an ambient electric field which shifts the location of
the drift waves away from the points where the relative density gradient
(i.e., nl/n) is a maximum and the growth of the waves is most vigorous. In
particular, for situations where the E x B velocity is larger than the diamag-
netic velocity at the location of maximum logarithmic density gradient by a
factor of r () 1), typically for gradient scale lengths Ln ) 0.1 kmn, the
growth rate for instability is a factor of r-1 lower than the expected value

in the absence of the ambient electric field.
Further these calculations suggest that drift-dissipative waves could be

triggered on the sides of elongated F region structures by the increase of at-
mosphere ionization in the E region at dawn. The creation of a highly conduct-
ing, relatively uniform (.B) region of ionization connected by magnetic field
lines to the altitude of structure could act to short out background electric
fields acting along the sides of structure. The resulting growth rates for
drift-dissipative waves would then be substantially increased. This could lead
to anomalous diffusion of Spread F structure in a manner analogous to that al-
ready discussed in connection with laboratory plasmas [Cheng and Okuda, 1977].

SUB-APPEND IX CA

In this sub-appendix, a relationship between the ambient electric field
and density profile is derived based upon the constraint that the flow across
the density gradient is quasi-neutral.

Neglecting terms which do not contribute to the formation of ambipolar
electric fields and inertial terms, the ion momentum equation has the form

0 qi 1 xS X soqx(x) T1  CAi0a m ic ,V + i mn(A1

where v, is the ion-neutral collision frequency.
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In an expansion in the small parameter vj/ai, the lowest-order component

of the ion velocity in the direction of the density gradient is

qEox(x) Ti 1  vi

vix(X) " i ' " - (CA-2)

In the ionosphere,
Ive/Rel f Ivt/nil ,(CA-3)

where ve is the electron-neutral collision frequency. Hence, the quasi-neutral

condition requires that

const. = n(x) v1x(x) . (CA-4)

For
0 lim[dn(x)/dxj , (CA-5)

and assuming that only n(x) and Eox(x) are functions of position, then

qEox(W Tq.. .E n.
1 x) n , (CA-6)

m MnfK) 1i i

where

E - lim[E (x)] , (CA-7a)
a X*O OX

n- ) [n(x)] . (CA-7b)

It follows from Eq. (CA-6) that

CE n

0" + 61(x) + *+ ky , (CA-8)

and d x C .i c n

-7ir---- -rx k 5 n2 (x dx(CA-9a)

.r-w-x . am do.I x . (c,-9b)
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SUB-APPENDIX CR

It has been shown that a large ambient x-directed electric field shifts

the location of drift wave localization away from the location of largest den-

sity gradient. To show that the shift causes a reduction of drift wave growth

rate from its optimum value, the local dispersion relation with the destabil-

izing parallel electron diffusion term can be written in the following way:

Ti i (a-1) + 2
Te2t + OZ )+ a b7 (CB-1)

where

a = -w'/ /e -- -8 . (CB-2)

Fixing the value of ky and permitting k2z to vary in such a way that o is con-

stant, it is evident that the solution for the real and imaginary value for W,

scales like oae (i.e.,

W,- ed (CB-3)

where d is a constant). Hence, there is a growth rate reduction by the ratio

of of = (CB-4)

we; 'Ymax
max

at a location where the drift frequency is reduced from its maximum value.

Here, the quantity Y/Ymax is the ratio of the drift wave growth rates at the

location of drift wave localization with and without an electric field, re-

spectively.

in the preceding discussion the stabilizing role of ion-neutral colli-

sions has not been considered. However, Kadomtsev points out that for ion-

neutral collision frequency, VI,

< 1 (CB-5)
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leads to wave stabilization [Kadomtsev, 1965]. Hence, for fixed ion-neutral

collision frequency, reduction of drift wave frequency from its maximum value

with fixed ky leads to a reduction of parameter space permitting drift wave

growth. It follows that a large ambient electric field lessens the vigor of

the drift waves both with and without stabilization by ion-neutral collisions.

SUB-APPENDIX CC

In this sub-appendix Eq. (CC-2) is explicitly solved for d2Q/dx 2 greater

than and less than zero, respectively.

1. d2Q/dx2 > 0

Through the use of Eqs. (CC-lO), (CC-llb) and (CC-13b), Eq. (CC-2) can be

written, for d2Q/dx2 > 0, in the form

0= [d2  + p U], (u) (CC-i)

where

u = x exp(-iw/4)/o (CC-2)

Qlx = -i(1/2 + p) 0 2  , (CC-3)

d O  112 s-4 (CC-4)

dx lx=0

The appropriate boundary conditions for the differential equation correspond

to the outward propagation of energy away from x = 0. Hence, the index p has a

non-negative integral value, and the solution to Eq. (CC-1) is the parabolic

cylinder function [Morse and Feshbach, 1953],

*I(x) 0Dp[x exp(-iir/4)/o) • (CC-5)
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From Eqs. (CC-3) and (CC-4) it follows that there is a negative contribution

to the growth of the wave caused by the outward convection of energy away from
x - 0 CPearlstein and Berk, 1969; Sperling and Perkins, 1976]. The explicit

form for this negative contribution is

Y _1611(l + 2p) +Ti) - [o(b i ) - l(bi) ] exp(-b i) 1 +Ti- 10 (bi )

-3 1/2

x exp(-bi)J [22 - 3avi . (CC-6)

2. d2Q/dx2 < 0

For the case that d2Q/dx2 < 0, Eq. (CC-2) becomes

Fd2  1 u21
0 - + + P 1 u)  (CC-7)

where
u = x/O , (CC-8)

Qjx=O = (1/2 + p) -2 , (CC-9)

4 -1/2 o . (CC-l)

dx x=O

The appropriate boundary conditions for Eq. (CC-7) is that is localized

around the point x - 0 [i.e., #1(u) + 0 for IxI + -]. The solution to Eq.
(CC-7) is the parabolic cylinder function

*l(x) - D (X/B ) (CC-11)

for p equal to a non-negative integer.
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From Eqs. (CC-2) and (CC-3), it follows that there is a real frequency

shift, aw, associated with the nonlocal dispersion relation:

6w U -WIYd/il (CC-12)

where yd is given by Eq. (CC-6).
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